Introduction {#s1}
============

The mammalian oviduct acts as a functional sperm reservoir providing an environment that allows maintenance and competition for fertilization of the oocyte. In different species, spermatozoa are sequestered in the lower region of the oviduct (isthmus) where they attach to epithelial cells. This event extends the sperm life, delaying sperm capacitation until ovulation-associated signals induce their release allowing the transit to the upper region of the oviduct (ampulla). Adherence to the oviduct plays a key role in the selection of spermatozoa. The binding and release of spermatozoa from the oviductal epithelium are modulated mainly by the sperm capacitation and only non-capacitated spermatozoa bind to oviductal cells [@pone.0030671-Suarez1]--[@pone.0030671-Hunter1].

Sperm capacitation includes a large number of structural and metabolic modifications such as an increase in intracellular ions and protein tyrosine phosphorylation, generation of reactive oxygen species and changes in metabolism, plasma membrane fluidity and motility [@pone.0030671-Visconti1]--[@pone.0030671-Herrero1].

Molecules from oviductal fluid, such as sulphated glycoconjugates like heparin, are involved in regulating sperm-oviduct interactions and bovine sperm capacitation [@pone.0030671-Talevi1]--[@pone.0030671-Parrish2]. The concentrations of those compounds in oviduct luminal fluid are under cyclic ovarian control, reaching a peak during the period of estrus [@pone.0030671-Parrish2].

Some evidences indicate that a number of lipid mediators serve as important signaling molecules during fertilization and early pregnancy. Among these lipid messengers, prostaglandins, eicosanoids generated from arachidonic acid by cyclooxygenases and lysophosphatidic acid that belongs to the lysophospholipid group, are well recognized signals in reproductive events [@pone.0030671-Wang1]--[@pone.0030671-Chun1]. So far there is little information about the participation of lipid molecules in sperm-oviduct interactions.

The N-arachidonoylethanolamide or anandamide (AEA) is an endogenous lipid agonist of cannabinoid receptors (CB1 and CB2; [@pone.0030671-Devane1]--[@pone.0030671-Munro1]) or vanilloid receptor type 1 (TRPV1; [@pone.0030671-Ross1]). AEA is released from membrane phospholipids of neurons and other cells stimulated by depolarizing agents. Once released, AEA effect is quickly terminated by membrane-bound fatty acid amide hydrolase (FAAH; [@pone.0030671-DiMarzo1]), suggesting a critical role for this lipid during cell signaling. The endocannabinoid system has recently been characterized in both oviduct and sperm cells of mammals [@pone.0030671-Maccarrone1]--[@pone.0030671-Aquila1]. In addition, significant levels of AEA are found in seminal plasma, mid-cycle oviductal fluid, and follicular fluid [@pone.0030671-Schuel1]--[@pone.0030671-Amoako1]. Previously we demonstrated that bovine oviduct and bull spermatozoa express the endocannabinoid system and that nanomolar concentrations of AEA or its non-hydrolysable analog, R(+)-methanandamide (MetAEA), regulate sperm release from the oviductal epithelial cells [@pone.0030671-Gervasi1]. Furthermore we have recently found that AEA is capable to induce sperm capacitation by activation of CB1 and TRPV1 receptors but not by CB2 and that it could be involved in the same molecular pathway as heparin in bovines [@pone.0030671-Gervasi2].

Signal-transduction pathways involving AEA include modulation of the adenylate cyclase, the activation of mitogen-activated protein kinase and cytosolic phospholipase A~2~, activation/inhibition of ionic currents, modulation of intracellular Ca^2+^ concentration and regulation of nitric oxide (NO) synthases [@pone.0030671-Howlett1]--[@pone.0030671-Demuth1].

Nitric oxide is a short-life free radical synthesized by NO synthases (NOS) that are responsible for the conversion of L-Arginine to L-citrulline and NO [@pone.0030671-Palmer1]. Three isoforms have been detected in different female reproductive tissues including the bovine oviduct [@pone.0030671-Bartlett1]--[@pone.0030671-Lapointe1]. The endothelial and neuronal NOS isoforms have been observed in mouse [@pone.0030671-Herrero2]--[@pone.0030671-Herrero3], human [@pone.0030671-Herrero2] and bovine spermatozoa [@pone.0030671-Meiser1].

Nitric oxide appears to be involved in sperm and oviductal functions [@pone.0030671-Herrero1], [@pone.0030671-PerezMartinez1]--[@pone.0030671-deLamirande1]. Previous reports revealed that mammalian spermatozoa exhibit NOS activity (boar: [@pone.0030671-Hou1]; human: [@pone.0030671-Roessner1]; bull: [@pone.0030671-Meiser1]) and that NO acts as an intracellular signaling molecule in sperm capacitation and acrosome reaction [@pone.0030671-Herrero1], [@pone.0030671-Hou1], [@pone.0030671-Rodriguez1].

Several works show the interaction between AEA and NO pathways [@pone.0030671-Signorello1]--[@pone.0030671-Vercelli1]. Low levels of AEA produced a sustained release of NO in the endothelium through the induction of TRPV1 [@pone.0030671-Poblete1]. The interaction between NO and AEA pathways was also observed in reproductive functions. In rat placenta, AEA modulates NO levels by two independent ways: 1) decreasing NOS activity by activation of CB receptors and 2) stimulating NO synthesis by TRPV1 activation [@pone.0030671-Cella1].

Previous evidences from us and other groups indicate that 1) AEA signaling regulates sperm-oviduct interaction in bovines [@pone.0030671-Gervasi1] and induces bull sperm capacitation [@pone.0030671-Gervasi2], 2) cannabinoid receptors activate signaling pathways that control intracellular NO levels [@pone.0030671-Maccarrone2] and 3) NO promotes bovine sperm capacitation [@pone.0030671-Rodriguez1]. The activation of cannabinoid receptors may increase NO levels stimulating sperm capacitation and/or sperm release from oviductal reservoir. Therefore, the aim of this work was to study the possible interaction between the endocannabinoid and nitrergic systems in the regulation of the sperm release from the oviduct and sperm capacitation in bovines. To demonstrate this, we studied 1) whether NO, by AEA induction, induces sperm release from oviductal epithelial cells, 2) whether AEA is able to induce sperm capacitation by activating the NO pathway, 3) whether AEA is able to modulate NO levels in both spermatozoa and oviductal epithelia.

Results {#s2}
=======

Effect of a NO donor and L-Arginine in sperm-bovine oviductal epithelial cells (BOEC) interaction {#s2a}
-------------------------------------------------------------------------------------------------

To study the participation of the NO in the release of the spermatozoa from oviductal epithelia, co-cultures of BOEC and sperm cells were incubated with increasing concentrations of NOC-18, a NO donor. Results are presented in [Figure 1A](#pone-0030671-g001){ref-type="fig"} and indicate that NOC-18 produced 30% of sperm release from BOEC compared to control. Low or high concentrations did not exert any effect.

![Assessment of the participation of nitrergic system on sperm release from bovine oviductal monolayers (BOEC).\
Sperm cells and BOEC were co-cultured and then incubated for 15 min with BSA-free sp-TALP alone (control), increasing concentrations of A) NOC-18 (a NO donor) or B) L-Arginine (10 mM; NO synthase substrate). Bars indicate the number of spermatozoa that remained attached to the monolayers and represent the mean ± S.E.M. of bound spermatozoa/0.11 mm^2^ monolayer (n = 6), a≠b p\<0.05.](pone.0030671.g001){#pone-0030671-g001}

To corroborate this result we analyzed whether L-Arginine, the NOS substrate, might produce a similar effect. The incubation with L-Arginine reduced the number of bound-sperm to oviductal cells respect to control ([Figure 1B](#pone-0030671-g001){ref-type="fig"}).

Interaction of AEA and NO in the regulation of sperm release from BOEC {#s2b}
----------------------------------------------------------------------

We have previously shown that AEA and MetAEA induced sperm release from oviductal epithelia in bovines [@pone.0030671-Gervasi1].

Since our results suggested that NO might regulate the sperm-BOEC interaction, we investigated whether nitrergic and endocannabinoid systems could be interacting in the regulation of this process. Thus, we performed sperm release experiments co-incubating AEA or MetAEA with L-NAME (a non-selective NOS inhibitor). As previously demonstrated [@pone.0030671-Gervasi1], AEA and MetAEA produced 40% decrease in the number of bound spermatozoa respect to control samples. Interestingly, L-NAME reversed the effect of AEA ([Figure 2A](#pone-0030671-g002){ref-type="fig"}) and MetAEA ([Figure 2B](#pone-0030671-g002){ref-type="fig"}), and the number of bound spermatozoa to BOEC was equal to that observed in controls. In addition, the incubation with Hemoglobin (Hb, a NO scavenger) also inhibited the effect of both cannabinoid agonists ([Figure 2A and 2B](#pone-0030671-g002){ref-type="fig"}). L-NAME and Hb alone did not exert any effect on sperm-BOEC interaction.

![Assessment of participation of the nitrergic system on sperm release induced by anandamide.\
Sperm cells and BOEC were co-cultured and then incubated for 15 min with BSA-free sp-TALP alone (control), AEA (1 nM) or MetAEA (1.4 nM) and L-NAME (1 µM; NO synthase inhibitor) or Hemoglobin (Hb) (30 µg/ml; NO scavenger). Bars indicate the number of spermatozoa that remained attached to the monolayers and represent the mean ± S.E.M. of bound spermatozoa/0.11 mm^2^ monolayer (n = 6), a≠b p\<0.05.](pone.0030671.g002){#pone-0030671-g002}

Interaction of AEA and NO on sperm capacitation {#s2c}
-----------------------------------------------

As mentioned in the introduction, after ovulation, spermatozoa are gradually released from the reservoir in the caudal isthmus and ascend to the ampulla. Changes related to capacitation in sperm plasma membrane seem to be responsible for sperm release from oviduct [@pone.0030671-Revah1].

Previous results from our own indicated that AEA and MetAEA induce bull sperm capacitation [@pone.0030671-Gervasi2]. In this work we investigated whether AEA could exert capacitating effects through the signaling pathway that involves NO. The sperm capacitation related-events were evaluated by CTC assay and LPC-induced acrosome reaction (AR) assessed by PSA-FITC.

As shown in [Figure 3 (A and B)](#pone-0030671-g003){ref-type="fig"} and [Figure 4 (A and B)](#pone-0030671-g004){ref-type="fig"}, consistent with the sperm releasing results, the capacitating effect of cannabinoid agonists was significantly inhibited by L-NAME.

![Effect of L-NAME or Hemoglobin on bull sperm capacitation induced by AEA.\
Spermatozoa were incubated for 45 min at 38.5°C in 0.3% BSA sp-TALP medium with AEA (1 nM) and L-NAME (1 µM) or Hb (30 µg/ml). Bars indicate the percentage of capacitated spermatozoa (A: % pattern B of CTC; B: % acrosome reacted spermatozoa). **A:** Assessment of sperm capacitation by CTC; T0 and T45: 0.3% BSA sp-TALP at 0 and 45 min (control) incubation respectively (n = 6). **B:** Assessment of sperm capacitation by LPC-induced acrosome reaction (AR)-PSA-FITC. T45: 0.3% BSA sp-TALP (control). After capacitation, spermatozoa were incubated for 15 min either with or without LPC to induce AR. Bars show percentage of spermatozoa that underwent LPC-induced AR minus the percentage of spermatozoa that underwent spontaneous AR (n = 6). Data are expressed as mean ± SEM. a≠b, p\<0.05.](pone.0030671.g003){#pone-0030671-g003}

![Effect of L-NAME or Hemoglobin on bull sperm capacitation induced by MetAEA.\
Spermatozoa were incubated for 45 min at 38.5°C in 0.3% BSA sp-TALP medium with MetAEA (1.4 nM) and L-NAME (1 µM) or Hb (30 µg/ml). Bars indicate the percentage of capacitated spermatozoa (A: % pattern B of CTC; B: % acrosome reacted spermatozoa). **A:** Assessment of sperm capacitation by CTC; T0 and T45: 0.3% BSA sp-TALP at 0 and 45 min (control) incubation respectively (n = 6). **B:** Assessment of sperm capacitation by LPC-induced acrosome reaction (AR)-PSA-FITC. T45: 0.3% BSA sp-TALP (control). After capacitation, spermatozoa were incubated for 15 min either with or without LPC to induce AR. Bars show percentage of spermatozoa that underwent LPC-induced AR minus the percentage of spermatozoa that underwent spontaneous AR (n = 6). Data are expressed as mean ± SEM. a≠b, p\<0.05.](pone.0030671.g004){#pone-0030671-g004}

We also observed that the induction of capacitation by AEA and MetAEA was abolished by the addition of Hb, a NO scavenger ([Figures 3A,3B](#pone-0030671-g003){ref-type="fig"} and [Figures 4A,4B](#pone-0030671-g004){ref-type="fig"}). The incubation with L-NAME or Hb alone did not have any effect.

Sperm viability and progressive motility of bull spermatozoa were unaffected in the presence of NOC-18, L-Arginine, AEA, MetAEA, L-NAME or Hb (data not shown).

Effect of MetAEA on NO production {#s2d}
---------------------------------

The results so far suggest that both MetAEA and AEA induce sperm capacitation through the activation of the pathway involving NO and could promote the sperm release from oviductal epithelia. Therefore, we studied whether AEA was able to increase NO levels in both sperm and in bovine oviductal cells. As AEA and MetAEA produced similar effects and the last one is a non-hidrolysable AEA analog, the following experiments were performed with MetAEA.

Assessment of NO levels in bovine spermatozoa {#s2e}
---------------------------------------------

To study whether AEA modulates NO levels during capacitation, spermatozoa pre-loaded with DAF-FM diacetate ([Figure 5A](#pone-0030671-g005){ref-type="fig"}) were incubated in sp-TALP with or without MetAEA. After 60 min incubation without capacitating stimulus, we detected fluorescence in spermatozoa indicating that a basal production of NO occurs constitutively in these cells.

![Determination of NO levels in bull spermatozoa.\
Sperm samples were incubated for 60 min at 38.5°C in 0.3% BSA sp-TALP containing 0.1 mM L-Arginine and 5 µM of DAF-FM diacetate and untreated (control) or treated with MetAEA (1.4 nM), MetAEA+L-NAME (1 µM). Spermatozoa were fixed and the fluorescent complex was measured by flow cytometry. A) A representative photograph showing fluorescence in spermatozoa, indicating the content of intracellular NO (Magnification, ×600); B) Fluorescence data are expressed as mean fluorescence (percentage of control at 45 min incubation, control adjusted to 100%). Data are expressed as mean ± SEM (n = 8). a≠b, p\<0.05.](pone.0030671.g005){#pone-0030671-g005}

A significant increase of NO-DAF-FM fluorescence was observed in spermatozoa capacitated with MetAEA ([Figure 5B](#pone-0030671-g005){ref-type="fig"}), which indicates a NO accumulation after 60 min of incubation. MetAEA-stimulated NO-DAF-FM fluorescence was attenuated by L-NAME.

Participation of CB1 and TRPV1 receptors in the NO production induced by MetAEA {#s2f}
-------------------------------------------------------------------------------

In a previous report we demonstrated that AEA induced sperm capacitation by CB1 and TRPV1 activation [@pone.0030671-Gervasi2]. Therefore, in this work we investigated whether the increase of sperm NO levels by AEA may occur through those receptors. The results are shown in [Figure 6](#pone-0030671-g006){ref-type="fig"} and indicate that the induction of NO in capacitated spermatozoa by AEA was reversed by both SR141716A and Capsazepine, CB1 and TRPV1 antagonists respectively. The incubation with the antagonists alone had no effect.

![Participation of CB1 and TRPV1 in NO production during bull sperm capacitation by AEA.\
Sperm samples were incubated for 60 min at 38.5°C in 0.3% BSA sp-TALP containing 0.1 mM L-Arginine and 5 µM of DAF-FM diacetate and untreated (control) or treated with MetAEA (1.4 nM) and/or SR141716A (SR1: CB1 antagonist (0.1 nM)) or Capsazepine (CZP: TRPV1 antagonist (10 nM)). Spermatozoa were fixed and the fluorescent complex was measured by flow cytometry. Fluorescence data are expressed as mean fluorescence (percentage of control at 45 min incubation, control adjusted to 100%). Data are expressed as mean ± SEM (n = 5). a≠b, p\<0.05.](pone.0030671.g006){#pone-0030671-g006}

Assessment of NO levels in bovine oviductal cells {#s2g}
-------------------------------------------------

The assessment of NO from oviductal cells was performed by two techniques: Griess assay and NOS activity.

The NO~2~ ^−^/NO~3~ ^−^production in the culture supernatants was similar when oviductal cells were incubated with or without MetAEA ([Table 1a](#pone-0030671-t001){ref-type="table"}).

10.1371/journal.pone.0030671.t001

###### Measurement of NO levels in bovine oviductal cells.

![](pone.0030671.t001){#pone-0030671-t001-1}

  Treatments    [(a)](#nt101){ref-type="table-fn"} NO~2~ ^−^ concentration(µM NO~2~ ^−^/µg protein)   [(b)](#nt102){ref-type="table-fn"} NOS activity(fmol citrulline/µg protein ×15 min)
  ------------ ------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------
  Control                                            0.52±0.16                                                                             2.38±0.90
  MetAEA                                             0.57±0.17                                                                             2.43±0.80

**(a) Assessment of NO~2~^−^/NO~3~^−^ production.** Oviductal cultures were incubated for 60 min at 38.5°C and 5% CO~2~ in the presence of M199 medium (control) or MetAEA (1.4 nM). Then, once removed the culture medium, cells were incubated in M199 for 24 h at 38.5°C with 5% CO~2~ to allow the accumulation of NO~2~ ^−^ and NO~3~ ^−^ in culture supernatants. NO production (NO~3~ ^−^ plus NO~2~ ^−^) was measured using the Griess assay; (n = 26; p\>0.05).

**(b) Assessment of NO synthase activity.** Confluent cell monolayers were incubated for 30 min at 38.5°C and 5% CO~2~ in the presence of: 1) M199 medium (control) or 2) MetAEA (1.4 nM). Control and treated cells were removed by trypsinization, centrifuged and incubated for 15 min at 37°C in a HEPES buffer containing L-\[^14^C\]-Arginine and NADPH (see [material and methods](#s4){ref-type="sec"}); (n = 7; p\>0.05).

Data are expressed as mean ± SEM.

NOS activity was performed in oviductal epithelia cells incubated with MetAEA. The incubation with MetAEA did not increase NOS activity in oviductal cells ([Table 1b](#pone-0030671-t001){ref-type="table"}), these results are in accordance with NO~2~ ^−^/NO~3~ ^−^ measurements.

Immunolocalization of NO synthase in bovine cryopreserved spermatozoa {#s2h}
---------------------------------------------------------------------

Previously, Meiser and Schulz [@pone.0030671-Meiser1] demonstrated the expression of the two constitutive NOS isoforms in spermatozoa from ejaculated bovine semen. To investigate which isoforms are present in cryopreserved bovine sperm, immunocytochemical experiments were performed. The results are shown in [Figure 7](#pone-0030671-g007){ref-type="fig"} and indicate that cryopreserved bull sperm expressed nNOS and eNOS isoforms. The analysis of the images indicated that both isoenzymes were mainly located in the tail of the spermatozoa (mid and main piece) and some spermatozoa were stained in the post-acrosomal region. Incubation with two different antibodies against iNOS isoform showed a non defined localization so we could not confirm the presence of this isoform in bovine sperm (data not shown).

![Localization of nNOS and eNOS in bovine spermatozoa.\
Spermatozoa were incubated with the primary antibodies against nNOS (panel A) or eNOS (panel C); B and D) phase contrast. Controls were performed incubating sperm cells with IgG fractions from non-immunized rabbits at the same concentration that the primary antibody (data not shown) (n = 3); Scale bar: 10 µm (Magnification, ×600). Arrows indicate the immunoreactive staining of the NOS antibodies.](pone.0030671.g007){#pone-0030671-g007}

Discussion {#s3}
==========

In the present work the participation of NO in the regulation of sperm-oviduct interaction in bovines is demonstrated. The incubation with NOC-18 (a NO donor) or L-Arginine (the NOS substrate) of sperm-BOEC co-cultures induces sperm release from oviductal cells.

Interestingly, only 1 µM NOC-18 is effective and lower or higher concentrations have no effect. At high concentrations, NO or its derivatives such as ONOO^−^, may have a deleterious effects on cellular functions by acting on membrane components such as lipids or molecules with thiol groups, as previously described by Rodriguez et al. [@pone.0030671-Rodriguez2]. At low concentrations, NO levels might be insufficient to induce the release.

The induction of sperm capacitation by L-Arginine at a concentration of 10 mM without affecting the viability and motility in cryopreserved bovine spermatozoa is well documented [@pone.0030671-OFlaherty1]. Therefore, L-Arginine favors sperm capacitation, and thus could facilitate through this process the sperm release from the oviductal epithelial cells. Those results also suggest that NO *per se*, may modulate and participate in the release of spermatozoa from their oviductal reservoir.

Taking into account previous results of our laboratory [@pone.0030671-Gervasi1], we investigated whether AEA-mediated release involves the NO pathway. Here, we find that NO is an intermediate of this pathway, since the effect of AEA and its stable analog, MetAEA, is reversed by a NOS inhibitor or by a NO scavenger.

Spermatozoa exposed to capacitating conditions have a limited ability to attach to oviductal cells *in vitro* [@pone.0030671-Lefebvre1]. In addition, non-capacitated spermatozoa initially bind to oviductal epithelial cells both *in vivo* [@pone.0030671-Smith1] and *in vitro* [@pone.0030671-Fazeli1]. This initial attachment is followed by induction of capacitation and release of capacitated sperm [@pone.0030671-Smith1]--[@pone.0030671-Fazeli1]. From these evidences and taking into account that AEA is a capacitating agent in bovine [@pone.0030671-Gervasi2] as well as NO [@pone.0030671-Rodriguez1], we investigated whether AEA could induce sperm capacitation by activating the NO pathway.

The capacitating effect of AEA and MetAEA is inhibited by L-NAME or Hb, suggesting that NO might interact with the AEA pathway in this process. Previous evidences, recently described in our laboratory, indicate that AEA is involved in sperm capacitation induced by heparin, a glycosaminoglycan known as bull sperm capacitation inducer [@pone.0030671-Gervasi2]. Besides, Rodriguez et al. [@pone.0030671-Rodriguez1] found that heparin-induced capacitation is inhibited by the presence of a NOS inhibitor. Further experiments will allow us to establish whether a possible shared-pathway between heparin and AEA in the activation of the NO pathway occurs during sperm capacitation in cattle.

In agreement with our results so far presented, other authors demonstrated that heparin is a fast and highly effective inductor of sperm release from oviductal epithelial cells *in vitro* [@pone.0030671-Talevi1], [@pone.0030671-Bosch1]. This might reflect changes or loss of binding molecules on the sperm plasma membrane promoting sperm release.

Though potential sources of NO are present throughout the female reproductive tract, it is probable that, in our system, AEA activates sperm NO/NOS pathway as part of the molecular mechanisms activated in sperm capacitation.

Bovine oviduct expresses the three NOS isoforms and the relevant role of NO in the regulation of the oviductal function is widely demonstrated [@pone.0030671-PerezMartinez1], [@pone.0030671-Rosselli1]. In addition, such molecules as ovarian hormones regulate NO synthesis in the mammalian oviduct. In this work, AEA does not modulate NO production in bovine oviductal cells. However, during sperm capacitation after DAF-FM loading, MetAEA induces an increase in fluorescence in the neck/midpiece of most cells, indicative of NO production. The site of NO synthesis is consistent with the localization of nNOS and eNOS isoforms found in the bovine cryopreserved spermatozoon (see [Figure 7](#pone-0030671-g007){ref-type="fig"}). The addition of L-NAME decreases NO levels suggesting that AEA was acting specifically on NOS.

We have previously found that bovine sperm capacitation is stimulated by AEA through CB1 and TRPV1 activation because AEA effects were fully antagonized by SR141716A (a CB1 antagonist) or by capsazepine (a TRPV1 antagonist), respectively. Our results indicate also that CB2 is not involved in the induction of bull sperm capacitation elicited by AEA because CB2 antagonist did not reverse the effect of the endocannabinoid [@pone.0030671-Gervasi2]. In this work we demonstrated that AEA increased NO sperm levels through CB1 and TRPV1, the receptors that are involved in sperm capacitation induced by this endocannabinoid. The increase of NO production by AEA has been reported by several groups. Ghasemi et al. [@pone.0030671-Ghasemi1] observed in diabetic rats that AEA could affect erectile function by increasing levels of NO, via CB1 and TRPV1. In turn, AEA acts as a proinflammatory molecule in deleterious effects produced by lipopolysaccharide in implantation sites, increasing NO synthesis via activation of CB1 receptor [@pone.0030671-Vercelli1].

As mentioned in the introduction, there is evidence indicating that AEA is present in human mid-cycle oviductal fluid [@pone.0030671-Schuel1]. Also plasma concentration of AEA positively correlated with levels of estradiol and gonadotropins during different stages of the menstrual cycle, suggesting that they would be involved in the regulation of AEA levels in women [@pone.0030671-ElTalatini1]. These results and the evidence showed in this paper let us propose a model for regulating the sperm-oviduct interaction by the AEA-NO pathway. At the peri-ovulatory period, stimuli such as ovarian hormones could induce an increase in the concentration of AEA in the oviductal tract. Endocannabinoids activate sperm cannabinoid receptors increasing endogenous production of NO promoting sperm capacitation and thus the release of stored spermatozoa in the oviductal reservoir. Another possibility is that ovarian hormones surge during the peri-ovulatory period may also induce the AEA synthesis inside the spermatozoa thus activating the NO pathway in gametes.

In summary, we demonstrated the interaction of the endocannabinoid and the nitrergic systems in the regulation of sperm release from oviductal epithelium and sperm capacitation in bovines. Also, we observed for the first time NO production in bovine spermatozoa capacitated with AEA.

Materials and Methods {#s4}
=====================

Chemicals {#s4a}
---------

MetAEA and AEA, M199 medium, bovine serum albumin (BSA), Hemoglobin (Hb), L-Arginine, NG-nitro-L-Arginine methyl ester (L-NAME), chlortetracycline (CTC), *Pissum sativum* agglutinin-FITC staining (PSA-FITC), Hoescht 33258 (H258), L-α-lysophosphatidylcholine (LPC), nitrate reductase, lactate dehydrogenase, NADPH and IgG fractions non-immune rabbits (IgG fraction) serum were from Sigma Chemicals (St. Louis, MI, USA). NOC-18 and DAF FM were from Cayman. eNOS, nNOS and iNOS antibodies were purchased from Cayman and Alexa-Fluor555 goat anti-rabbit IgG was from Molecular Probes (Invitrogen, Carlsbad, CA, USA). \[^14^C\]L-Arginine (specific activity 360 mCi/mmol) was from Amersham Corp. (Arlington Heights, IL, USA). Dowex AG 50W-X8 cation exchange resin was obtained from Bio-Rad Laboratories (Alfatron, SRL, BsAs, Argentina). All other chemicals were of analytical grade.

Culture media {#s4b}
-------------

Oviduct handling and development of monolayer cultures was performed with medium M199 as described previously in Gervasi et al. [@pone.0030671-Gervasi1]. Sperm handling and co-culture experiments were performed with Tyrode bicarbonate buffered medium (sp-TALP, [@pone.0030671-Parrish1]) without BSA (BSA-free sp-TALP). The sperm viability was not affected without BSA because the gametes were washed and immediately co-incubated with oviductal cells.

In sperm capacitation experiments, sperm incubations were performed with sp-TALP supplemented with 0.3% BSA [@pone.0030671-Gervasi2].

NOC-18 was incubated during 60 min at 37°C in sp-TALP to reach a stable concentration of release.

Sperm preparation {#s4c}
-----------------

Frozen bovine semen from six bulls (20--25×10^6^ spermatozoa/0.5 ml straw), obtained from CIALE (Artificial Insemination Center La Elisa, Buenos Aires, Argentina), CIAVT (Artificial Insemination Center Venado Tuerto, Santa Fé, Argentina) and Cabaña Las Lilas (Buenos Aires, Argentina) was used. Straws were thawed in a water bath (37°C for 30 s). Spermatozoa were subjected to sperm selection using glass wool columns [@pone.0030671-Gervasi2] and washed by centrifugation at 800 g with BSA-free sp-TALP.

Pellets were assessed for sperm concentration and motility using a hemocytometer mounted on a microscope stage heated at 38°C.

Evaluation of sperm motility {#s4d}
----------------------------

Progressive motility was evaluated by light microscopy (Magnification, ×300) on a heat platen (38°C) by the same observer, after each treatment. At least 200 spermatozoa were counted in each sample.

Oviductal cell cultures {#s4e}
-----------------------

Cultures of oviductal epithelia, obtained from oviducts purchased gently by Río de la Plata slaughterhouse, were prepared as described previously by Gervasi et al. [@pone.0030671-Gervasi1]. Briefly, oviducts were collected at the time of slaughter, transported at 4°C, cleaned off surrounding tissues and washed thrice in sterile PBS at 4°C. After that, they were cut, flushed with sterile PBS and squeezed by pressure with tweezers. Laminae of BOEC were recovered from different animals, selected on the basis of ciliary beating, and pooled together. Immunocytokeratin staining was performed to confirm 90% epithelial cell content in the pools. BOEC were washed by centrifugation at 1500 g for 5 min and incubated in M199 medium at 38.5°C in a 5% CO~2~ atmosphere. Incubations were performed in six-well tissue culture dishes with 12 mm round cover slips on the well bottom. After 48 h, BOEC were washed by centrifugation (1500 g for 5 min) and seeded again in tissue dishes. M199 medium was changed every 48 h. Once cell confluence was attained, oviductal monolayers from the same pool of animals were washed thrice in BSA-free sp-TALP and left in this medium for 60 min until sperm addition.

NO and AEA participation in sperm--oviduct interaction: experimental designs {#s4f}
----------------------------------------------------------------------------

Co-cultures of BOEC and spermatozoa were performed as described previously by Gervasi et al. [@pone.0030671-Gervasi1]. Within each experiment, confluent BOEC monolayers from pooled oviducts were inseminated with the same sperm suspension (0.5--1×10^6^ sperm/ml of BSA-free sp-TALP/well) for 60 min at 38.5°C in a 5% CO~2~ atmosphere. At the end of the co-cultures, unbound sperm populations were removed by washing thrice with BSA-free sp-TALP.

Experiment 1 was performed to evaluate the effect of increasing concentrations NOC-18 (0.1 µM; 1 µM; 100 µM y 1 mM; a NO donor) or 10 mM L-Arginine (NOS substrate) on sperm release from oviductal monolayers.

Experiment 2 was performed to evaluate the effect of L-NAME (1 µM; NOS inhibitor) or Hemoglobin (Hb) (30 µg/ml; NO scavenger) on sperm release induced by AEA (1 nM) or MetAEA (1.4 nM).

Wells containing BOEC monolayers were inseminated with 0.5×10^6^ spermatozoa/ml for 60 min and afterwards unbound sperm were washed. The compounds (NOC-18, L-Arginine, AEA or MetAEA, L-NAME or Hb) were added to the co-cultures for 15 min. Control and treated wells were washed to remove unbound sperm, fixed in glutaraldehyde 2.5% v/v for 60 min at room temperature (RT), extensively washed and mounted on a glass slide. The number of bound sperm was determined by analyzing 20 fields of 0.11 mm^2^/cover slip under a phase contrast microscope (Magnification, ×300).

*In vitro* spermatozoa capacitation {#s4g}
-----------------------------------

Ten to 15×10^6^ spermatozoa/ml were placed in 0.3% BSA sp-TALP at 38.5°C and 5% CO~2~ atmosphere for 45 min [@pone.0030671-Gervasi2], [@pone.0030671-OFlaherty1], [@pone.0030671-Fukui1] with MetAEA (1.4 nM), AEA (1 nM), L-NAME (1 µM) and Hb (30 µg/ml). Capacitation was assessed by two techniques: chlortetracycline (CTC) assay and lysophosphatidylcholine (LPC)-induced acrosome reaction assessed by *Pissum sativum* agglutinin-FITC staining.

CTC assay was carried out as described previously by Gervasi et al. [@pone.0030671-Gervasi2] and Ward and Storey [@pone.0030671-Ward1]. The assessment of sperm capacitation was evaluated by the ability of spermatozoa to display CTC fluorescence pattern B, indicative of capacitating status [@pone.0030671-Ward1]--[@pone.0030671-Lee1]. Pattern B evaluation was performed on initial sperm suspensions (T0) and after 45 min (T45) of incubation under the conditions mentioned above.

The induction of acrosome reaction was performed as described previously [@pone.0030671-GalantinoHomer1] with modifications [@pone.0030671-Gervasi2]. Spermatozoa were incubated with the agents for 45 min and then divided in two aliquots of 200 µl; one of them was incubated with LPC (100 µg/ml) and the other without it for 15 min at 38.5°C. To assess viability and acrosome reaction, spermatozoa were incubated with H258 (2 µg/ml) for 5 min, fixed (1% w/v paraformaldehyde) for 8 min at RT and washed with PBS. An aliquot was air-dried onto slides and permeabilized in methanol for 10 min at 4°C. Slides were incubated with 50 µg/ml PSA-FITC for 60 min at RT [@pone.0030671-Gervasi2], [@pone.0030671-Cross1]. At least 200 stained cells/treatment were scored in an epifluorescence microscope. The percentage of capacitated spermatozoa was represented by the difference between percentages of viable-acrosome-reacted spermatozoa in LPC-treated and in non-LPC-treated samples.

Measurement of NO production in sperm cells {#s4h}
-------------------------------------------

Intracellular NO was monitored with DAF-FM diacetate, a pH-insensitive fluorescent dye that emits increased fluorescence after reaction with an active intermediate of NO formed during the spontaneous oxidation of NO to NO~2~ ^−^ [@pone.0030671-Kojima1]. Ten to 15×10^6^ spermatozoa/ml were incubated for 60 min at 38.5°C in 0.3% BSA sp-TALP containing 0.1 mM L-Arginine and 5 µM of DAF-FM diacetate (Invitrogen, Carlsbad, CA) and untreated (control) or treated with MetAEA (1.4 nM) or MetAEA+L-NAME (1 µM). In another set of experiments spermatozoa were incubated (in those conditions described below) with MetAEA (1.4 nM), MetAEA+SR141716A (0.1 nM) or MetAEA+Capsazepine (10 nM). After incubation, samples were washed by centrifugation for 10 min at 800 g and the sperm cells were fixed with 4% paraformaldehyde for 60 min at RT. Later, spermatozoa were rinsed two times with PBS, and stored at 4°C until fluorescence was measured by flow cytometry, using a FACSCaliburTM cytometer (BD Pharmigen) to quantify fluorescence (excitation wavelength 488 nm and emission wavelength 530 nm) at the single-cell level, and data were analyzed using Cyflogic 1.2.1 (CyFlo Ltd) software. The autofluorescence control was made incubating with 0.3% BSA sp-TALP without DAF-FM and the control of the basal NO production was made with 0.3% BSA sp-TALP + DAF-FM.

Assessment of NO production in BOEC cultures {#s4i}
--------------------------------------------

Oviductal cultures were incubated for 60 min at 38.5°C and 5% CO~2~ in the presence of M199 medium (control) and MetAEA 1.4 nM. After that, the culture medium was removed and replaced in all cases by M199 medium. Cells were incubated for 24 h at 38.5°C with 5% CO~2~ to allow the accumulation of nitrates (NO~3~ ^−^) and nitrites (NO~2~ ^−^) in culture supernatants.

NO production (NO~3~ ^−^ plus NO~2~ ^−^) was measured using the technique described by Grisham et al. [@pone.0030671-Grisham1]. Briefly, culture supernatants, 2 mmol/l NADPH and 10 IU/ml *Aspergillus niger* nitrate reductase were allowed to react in flat-bottomed 96-well culture plates with gentle mixing for 30 min at RT. Then, 100 mmol/l pyruvic acid and 1000 IU/ml lactate dehydrogenase were added and incubated for 10 min. Later, 10 mg/ml sulphanilic acid was added and incubation continued for 10 min. Finally, 1 mg/ml naphthyl-ethylenediamine was added and incubated for 5 min in the dark. The absorbance of the colored product was measured at 540 nm by ELISA.

A standard curve was performed in duplicate from a stock solution of NO~2~ ^−^ to establish a calibration curve for data analysis. Protein concentration was measured by the Bradford assay [@pone.0030671-Bradford1]. Results were expressed as µmol/l NO~2~ ^−^/mg protein.

Assessment of NOS activity in oviductal cells {#s4j}
---------------------------------------------

NOS activity was quantified by measuring the conversion of L-\[^14^C\]-Arginine to L-\[^14^C\]-citrulline, according to the technique described by Bredt and Snyder [@pone.0030671-Bredt1]. NO and L-citrulline are produced in equimolar amounts.

Briefly, confluent cell monolayers were incubated for 30 min at 38.5°C and 5% CO~2~ in the presence of: 1) M199 medium (control) or 2) MetAEA 1.4 nM. Control and treated cells were removed by trypsinization (Trypsin 25%+0.02% EDTA) and centrifuged at 1500 g for 5 min. Pellets were resuspended in a buffer containing 20 mM HEPES, 4.5 µM CaCl~2~ and 100 mM DTT and 25 mM valine, 10 µM \[^14^C\]-arginine (0.3 µCi) and 0.12 mM NADPH were added. Samples were incubated for 15 min in a 5% CO~2~ atmosphere at 37°C and immediately centrifuged at 28980 g for 10 min (4°C). Then the supernatants were applied to 1 ml DOWEX AG50W-X8 columns (Na^+^ form) equilibrated with HEPES medium containing 0.2 mM citrulline. Finally \[^14^C\]-citrulline was eluted in 2.5 ml of water. \[^14^C\]-L-citrulline radioactivity was measured by liquid scintillation counting. Protein concentration was measured by the Bradford assay [@pone.0030671-Bradford1]. Enzyme activity was expressed as pmoles \[^14^C\]-L-citrulline/mg protein/15 min.

Immunocytochemistry {#s4k}
-------------------

Spermatozoa were fixed (5 min, RT, 0.2% w/v paraformaldehyde), immobilized on slides and permeabilized with cold methanol as described in [@pone.0030671-Gervasi2].

Non-specific binding sites were blocked (60 min, 10% v/v normal goat serum) and slices were treated with primary NOS antibodies (1∶50). Afterwards, samples were incubated with Alexa555-conjugated goat anti-rabbit IgG (1∶2000).

Specificity of the immunodetection was assessed by omitting the first antibody or by the replacement of specific primary antibody by serum from non-immunized rabbits at the same concentration (NOSs). Sperm cells were mounted and examined under a confocal laser imaging system (Nikon C1; Plan Apo 60/0.95, Japan).

Statistical analysis {#s4l}
--------------------

Data were analyzed by GLM procedures of one-way ANOVA (Di Rienzo J.A., Casanoves F., Balzarini M.G., Gonzalez L., Tablada M., Robledo C.W. InfoStat version 2010. Grupo InfoStat, FCA, Universidad Nacional de Córdoba, Argentina). Raw data were analyzed by Shapiro-Wilks and Levene tests to assess normality of data distribution and variance homogeneity, respectively. These procedures were applied in all variance analyses. Pairwise comparisons of means were made with Tukey or Fisher honestly significant differences. Results are expressed as mean±s.e.m of at least three independent determinations.

Fluorescence data are expressed as mean fluorescence (percentage of control, control adjusted to 100%). As these data did not follow a normal distribution a non parametric Kruskal Wallis analysis of variance was performed. Differences were considered significant when p\<0.05 or less.

We thank to Artificial Insemination Centers (CIALE, CIAVT, Cabaña Las Lilas) and Río de la Plata slaughterhouse for providing semen and oviducts respectively and to Claudia Vercelli for helping in the Griess assay and Ramona Morales for her technical support.

**Competing Interests:**The authors have declared that no competing interests exist.

**Funding:**This work was supported by National Research Council (CONICET)-Argentina (PIP 2008 2204) to AF, MLR, and SPM. The funder had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

[^1]: Conceived and designed the experiments: COS MGG SPM. Performed the experiments: COS MGG MC EP. Analyzed the data: COS MGG MLR SPM. Contributed reagents/materials/analysis tools: AF SPM. Wrote the paper: SPM MLR.
